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ABSTRACT
A 1 OOOMWth liquid-salt cooled thermal spectrum reactor was designed with a long fuel
cycle, and high core exit temperature. These features are desirable in a reactor designed
to provide process heat applications such as oil refinery needs of heat and electricity. The
reactor uses the binary salt NaF-BeF 2 as the primary coolant, and uses U-Zr-H as fuel and
to provide neutron moderation. Design options were studied under the constraints of
maximum fuel temperature of 720*C, and a vessel wall temperature similar to today's
reactors (i.e. limited to 430*C). The selected design achieves a core power density of
26.35 kW/1 and can achieve a 10 year core lifetime before refueling. The core has a
pressure drop of 1.03 MPa, and uses a hexagonal lattice with small, 7mm outer diameter
fuel pins. The pins are arranged in a tight 1.08 pitch-to-diameter ratio, and use wire wrap
spacers and assembly ducts for mechanical support. Silicon carbide is used for cladding,
and the fuel-clad gap is filled with a low-melting point liquid metal to act as a thermal
bond between the fuel and the cladding. The core is encircled with two rows of reflector
assemblies and one row of thermal shield assemblies. A layer of graphite provides
thermal insulation to the reactor vessel. The primary coolant is coupled to a CO2 power
cycle via heat exchangers located above the core in the same vessel. The reactor vessel is
8.5m in diameter and 15.3m tall, which achieves the goal of a vessel that can be produced
off-site and transported via barge, but not by truck or train. The intermediate heat
exchanger is designed with 1 cm outer diameter tubing with internal helical ribs. The
tubes are arranged in a square array with a pitch to diameter ratio of 1.2. With a core exit
temperature of 570'C, the supercritical CO 2 power conversion system achieves,
according to previous studies at MIT, a net efficiency of 45.7%.
A comparison is made to other integral medium reactors (i.e those with the heat
exchanger and the core in the same vessel). This reactor has the advantage of low
pressure and high thermal conversion ratio compared to the IRIS water cooled reactor.
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1 Introduction
1.1 Motivation
While there are a plethora of proposals for dealing with spent nuclear fuel,
ranging from burning the useful isotopes in fast reactors to long term storage in an
underground repository, there are also techniques that can be used in order to minimize
the amount of spent fuel produced. One of the easiest ways to reduce the amount of spent
nuclear fuel produced is to increase the thermal efficiency of the power plant. Water,
used to cool all commercial reactors currently in operation in the United States, is cheap,
readily available, and serves a dual purpose as the neutron moderator in a thermal reactor
core. However, in order to allow water to reach higher temperatures, higher pressures
must be applied. Higher pressures exert greater stresses on all components, and may lead
to greater cost. They also accentuate the consequences of loss of system integrity, such
as in a loss of coolant accident. Alternatively, other coolants may be used to achieve
higher temperatures at lower or even atmospheric pressures.
Some reactor coolants that have been proposed for use at reduced pressures
include sodium, lead, lead bismuth eutectic, and various salts. Each has its individual
advantages and disadvantages thermally, chemically, and neutronically. Reactors
designed with these coolants have typically utilized a fast rather than thermal neutron
spectrum, since these coolants are well suited for this application due to their lack of
moderating capability. However, a thermal spectrum reactor is superior to fast reactors in
areas such as controllability, operating fast neutron exposure, and industry experience. In
order to achieve a thermal neutron spectrum in a reactor with a non-moderating coolant,
moderators must be added to the core.
1.2 The HEER Project
The High Efficiency Environmentally friendly nuclear Reactor (HEER) project is
a collaborative research project between MIT and the Masdar Institute of Science and
Technology that aims to examine advanced reactor concepts for electricity, hydrogen
production, and desalination of drinking water. Nuclear reactors in general can be said to
be environmentally friendly, as they produce no carbon emissions or other pollutants. In
addition, high thermal efficiency is inherently environmentally friendly, as it indicates
less fuel consumption for each unit of electricity generated, leading to less frequent
refueling and less waste.
While multiple reactor concepts will be examined by the HEER project (Kazimi
et al., 2009), this thesis will focus on the thermal hydraulic and structural design of a salt
cooled reactor with a thermal neutron spectrum, achieved through the use of U-Zr-H fuel,
also known as hydride fuel. Note that this reactor is cooled with a liquid salt that does
not contain the fuel, unlike molten salt reactors. The fuel is contained within fuel rods as
it is in typical light water reactors, with the salt flowing parallel to the rods. The HEER
Liquid Salt Reactor, or LSR, uses a supercritical carbon dioxide, or SCO2, secondary
cycle. This cycle allows the reactor to get higher efficiencies at the high temperatures
that are achieved. Additionally, while SCO 2 cycles are relatively new technology
compared to the Rankine steam cycle, the machinery for the supercritical cycle is a
fraction of the size of steam turbines designed for similar systems.
1.3 Advantages of Salt
Liquid salt has advantages and disadvantages compared to other reactor coolants
that are liquid during operation at atmospheric pressures. Unlike sodium, liquid salt is
non-reactive with water and oxygen, which reduces the possibility of fire in the event that
primary coolant were to leak. Unlike liquid lead, salt has no velocity constraints due to
passivation layer removal. Lead-cooled reactors also suffer from coolant activation
resulting in Po-210, a particularly nasty alpha emitter. Chloride salts have similar issues;
however fluoride salts are relatively immune to such phenomena. Salts also have the
benefit of relatively low density, around twice that of water, unlike lead which requires
much thicker vessels to support the reactor vessel.
Additionally, salt has the benefit of being optically transparent, which could
significantly reduce the cost of in-vessel inspection of components. Salt has decent
thermal properties, with the product of density and heat capacity roughly equal to that of
water. The primary disadvantage of liquid salt is the high viscosity. Different salts can
have substantially different viscosities; however, they are generally many times that of
water or liquid metals.
1.4 Organization of this report
This thesis is organized into five chapters. The current chapter, Chapter 1,
provides an introduction to the chapters it precedes. It includes motivation for the design
of the salt-cooled HEER reactor, describes the goals of the HEER project, and provides
some basic advantages to the coolant that was selected for the design.
Chapter 2 focuses on overall design of the reactor. It describes the basic design
choices of coolant type, general core layout, Intermediate heat exchanger design, pump
design, and vessel layout. Additionally, it provides descriptions of the calculations that
were used to determine vessel thickness, as well as the vessel insulation. Finally, it
discusses the power conversion cycle and the decay heat removal for the Liquid Salt
HEER.
Chapter 3 details the design of the reactor core. It begins by discussing the
reasoning behind the decisions for selecting the clad and fuel materials. Next it provides
the equations and results necessary to determine plenum height given fission gas release
and clad stress limits. Finally, the assembly and core layout are described.
Chapter 4 represents the culmination of the modeling and optimization efforts.
First, the relationship between the core pressure drop, core outlet temperature, and
maximum fuel temperature is examined in order to optimize the mass flow rate through
the reactor primary system. Once this is determined, the outputs from this optimization
are input into the reactor system model where the vessel diameter is determined and the
tube diameter and pitch for the IHX are selected. Following this, simulations were run
varying important salt parameters that have large uncertainties associated with their
expected values. These results are then discussed in the context of what may need to be
modified in the event that the values used in the optimization are incorrect.
Chapter 5 provides conclusions for the work in the previous chapters. This
includes comparison of important parameters in the current design to those in other
integral reactor concepts. Future work for the LSR design is also included.
Detailed equations for the codes developed and properties for the analysis are
given in the Appendices.
2 General Reactor Design
2.1 Salt Selection
The salt coolant was selected based on neutronic and thermal hydraulic
considerations. Thermal hydraulically, a good candidate has a low melting point and
high boiling temperature, low viscosity, and high thermal conductivity and heat capacity.
Neutronically, low absorption cross section, particularly in the thermal range, is a
necessity. In addition, low thermal expansion coefficient is desirable as this reduces the
coolant temperature reactivity coefficient.
The decision was first made to use LiF-NaF-BeF 2, as it contains a good mix of
desirable traits, and possesses an especially low melting point; however, the lithium used
must be highly enriched (99.99%) in Li-7, a very expensive proposition. Thus the
decision was made to switch to NaF-BeF2, which shares many of the same traits at a
reduced cost. Additionally, the melting point of the salt is 340'C, and the boiling
temperature is about 1400'C, both of which make this salt appealing for use in the LSR.
NaF-BeF 2 thermal-hydraulic properties are known with varying degrees of
certainty. Functions of density, p, and viscosity, pt, are both known from experimentally
determined functions of temperature (William, 2005):
Psal,(kg/ m)= 2270 -0.37 -T(OC) (2-1)
5165
psat(Pa - s)= 3.4 x1 o5 e T(K) (2-2)
where parenthesis designate the necessary units. It should be noted that, while density is
relatively constant, viscosity varies greatly over the temperature range present in the LSR
design primary loop.
Heat capacity, cp, and thermal conductivity, k, are less well studied. Thermal
conductivity was determined using two different predictive techniques. The Rao-
Turnbull prediction gives a value of 0.58 W/mK, while the Kokhlov correlation predicts a
value of 0.87 W/mK (Williams, 2005). The greater of these values is used in the analysis
in this study; however a sensitivity study was also performed, and is presented in section
4.3.
Heat capacity has been experimentally determined to be 2186 J/kgK measured at
700'C; however this measurement was performed only to an accuracy of ±10%. The
Dulong Petit estimation is also accurate to ±10% for salts containing BeF2, which gives a
value of 1840 J/kgK (Williams, 2005). The experimentally determined value was used
in this study, but sensitivity to this parameter was also examined in section 4.3. A
comparison of NaF-BeF2 properties to those of water under PWR conditions is given in
Table 2-1.
Table 2-1 Comparison of salt and water thermal-hydraulic properties
Property H20 at 15.5 MPa and 324'C NaF-BeF 2 at 550*C
Density 669 kg/m 3  2067 kg/m3
Viscosity 78.8 pPa s 18400 pPa s
Thermal Conductivity 0.51 W/mK 0.87 W/mK
Heat Capacity 6349 J/kgK 2185.7 J/kgK
2.2 Dual Level Design
The decision was made to choose pool-type (integral) reactor over a pipe or loop
type reactor in order to protect against loss of coolant accidents. With a medium-power
reactor under atmospheric pressure, such as the HEER salt-cooled design, a vessel large
enough to include the core, pump, and intermediate heat exchangers can be built off-site
and shipped by barge or train to the reactor site. This decision was made primarily to
eliminate LOCA accidents, but this also decreases reactor vessel neutron flux by
increasing the gap between the core and the vessel.
With supercritical CO 2 in the IHX at a pressure of 20 MPa, one concern is that in
the event of an IHX tube rupture, the SCO 2 could be blown down from the IHX and into
the core, causing a positive reactivity insertion. The solution to this problem is to use an
innovative coolant flowpath originally developed for the Russian BREST reactor, known
as the dual-free level design (Adamov, 1994). Shown in Figure 2-1, the primary coolant
exits the IHX, and then rises again through riser along the vessel wall, and then drops
through the pump downcomer and back up through the core. This allows any SCO 2 gas
to escape at the top of the pump downcomer before being pushed through the core. The
LSR differs from Figure 2-1 in that it has only one vessel (the reactor vessel), and the
RVACS system is not in use. Decay heat is instead removed through the IHXs, as
described in section 2.9.
135*
Heat Exchanger -
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M I00
-- iPump
Seal Plate
Figure 2-1 Dual-free level lead-cooled reactor design, not to scale. [Hejzlar et al., 2004]
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Figure 2-2 Reactor vessel horizontal cross section
2.3 General Core Design
In order to maintain a thermal neutron spectrum with a non-moderating coolant, it
is necessary to add hydrogen to the core through some other means. For this design,
hydride fuel, containing uranium in a zirconium hydride matrix, is used to increase the
core moderation. In order to maintain a long core lifetime, the linear heat rate of the fuel
must be low. To reduce the effect on power density, a hexagonal lattice was chosen
which fits more fuel rods into the same cross sectional area. With the hexagonal lattice,
wire wrap spacers were chosen to reduce pressure drop across the core. More detailed
analysis on the core is provided in Section 3.
2.4 Intermediate Heat Exchanger Design
The intermediate heat exchanger (IHX) must fit inside the annulus between the
core and the vessel liner. A shell and tube design was selected that fits the constraints of
the system well, as it can be designed to flexibly fit within the vessel annulus. Because
of the high pressure of the SCO 2, and the low (atmospheric) pressure of the salt, the SCO2
will travel through the tube side. This prevents the shell from being the pressure barrier,
significantly reducing the thickness of the shell and alleviating safety concerns
surrounding its rupture.
The LSR will use 4 kidney-shaped tube-in-shell heat exchangers that fit within the
annulus between the vessel liner and the core barrel. The SCO 2 will enter the bottom
plenum of the IHX through inlet tubing that passes through the reactor lid. The SCO 2 is
then distributed to many individual tubes, where it travels to the upper plenum. Along
the outside of these tubes, salt flows downward, and transfers heat to the SCO 2 through
the pipe walls. At the upper plenum the SCO 2 enters piping that goes back through the
reactor lid and to the turbines.
Optimization of the IHX was performed in order to minimize the length of the
heat exchanger as well as the salt-side and SCO2-side pressure drops. The majority of
this optimization work was done in parallel with the reactor system design, and is
described in Chapter 4.
2.4.1 Tube design
The IHX design uses T91 steel for all components. This steel has superior
qualities to SS316, as it has higher thermal conductivity making it and ideal candidate for
the heat exchanger. Unfortunately, limited information is currently available as to the
compatibility of T91 with flouride salts, and thus this is an important topic for further
study. T91 is currently ASME Code approved for Section III, Class 2 and 3 components
for temperatures up to 649*C, however approval for Class 1 applications is still pending.
Therefore time-dependent stress limits are estimated based on comparison between T91
and SS316.
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Figure 2-3 Temperature dependence of maximum allowable stress intensity for Section
III Class 2 and 3 components
Stress limits are a function of both time of exposure to the stress, and temperature
of the material. Figure 2-3 shows the ASME limit for Section III, Class 2 and 3
components for T91 and 316SS seamless tubing. At low temperature, T91 significantly
outperforms 316SS, however, at higher temperatures T91 performance drops more
quickly than 316SS. Interestingly, they cross very near the temperature of the IHX,
around 550-570'C. Since 316SS is approved for Class 1 applications, ASME Code also
includes time dependent stress allowances, seen in Figure 2-4, where the vertical line
designates a 20 year lifespan expected of the IHX. Given the comparison to 316SS, the
assumption was made that for a -20 year lifetime of the IHX, a maximum stress of 50
MPa was acceptable (Todreas et al., April 2007). This value is considered conservative
as SS316 has a maximum stress intensity of approximately 80 MPa at this service time
and temperature.
Using the maximum allowable stress, Sm, the thickness of the IHX pipes may be
calculated for various tube outer diameters as described in Equation C-20, in Appendix
C. A plot of tube thickness vs outer diameter is shown in Figure 2-5 for 20MPa internal
pressurization.
0.5 1 1.5 2 2.5 3
Time (hours) X 105
Figure 2-4 Maximum allowable stress intensity for 316SS for Section III Class 1 service
as a function of operating temperature and time
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Figure 2-5 IHX Tube wall thickness vs tube outer diameter
2.4.2 Pressure Drop Constraints
While the dual level design explained in section 2.2 provides protection against
SCO2 entering the core, it also results in an additional constraint against pressure drop in
the IHX. The IHX is placed high in the reactore vessel to provide natural circulation
flow in the even of pump failure. This has several consequences. Since the salt flow in
the IHX is purely driven by gravity, the static pressure head caused by the difference in
free levels is equal to the pressure drop on the salt-side of the heat exchanger. This
means that the heat exchanger must be greater in length than the pressure head in order to
prevent voiding from occurring at the IHX exit. A way to avoid this is to simply increase
the free level of the coolant above the core, however this increases the height of the
vessel and is likely avoidable by modifying the IHX design to reduce salt-side pressure
drop.
The IHX void margin is defined as the difference between the vertical height of
the heat exchanger and the pressure head required to sustain the given mass flow rate.
Positive margin means that the design meets the constraint, while negative margin
indicates that voiding will occur below the heat exchanger.
2.4.3 Internally Ribbed Tubes
In order to minimize tube length, helical ribs were included on the SCO2 side of
the IHX tubes, shown in Figure 2-6. These work by tripping the build up of a boundary
layer and generally adding turbulence to the flow, which increases the heat transfer
coefficient. While the ribs also increase the pressure drop on the SCO2 side for a given
tube length and flow rate, the heat transfer enhancement can in many circumstances
reduce the necessary length of tubing enough to reduce the total pressure drop for the
system.
Pitch Rib height
Figure 2-6 Schematics of helical ribs inside the tube [Gee and Webb, 1980]
2.5 Pump Size Determination
The HEER salt-cooled reactor will use centrifugal pumps, driven by motors that
reside above the vessel head. This will allow for easier maintenance of the motors and
will allow them to operate in a cooler environment. Between 2 and 4 pumps will be used,
depending on the dimensions available for the pumps in the vessel and future safety
analysis and need for redundancy. Pumps were sized in comparison to the HEER salt-
cooled FCR pumps, by using the similarity relations for pump sizing from Munson et al.
(2006):
Q2wD' (2-3)
h D2- (2-4)
where Q is the volumetric flow rate, o is the rotational frequency, D is the pump
diameter, and h is the pump head. Subscripts 1 and 2 indicate the two pumps that are
being compared. Combination of these equations removes the dependence on frequency
and leads to a dependence of diameter on flow rate and pump head as:
D1 h 25 QO.5D, h*"Q4
D -0.2s 2.s (2-5)
In this instance, diameter of the pump is assumed to be independent of the fluid
viscosity since the flow inside the pump is assumed to be highly turbulent. Because of
the square root dependence on volumetric flow rate, the total cross sectional area, Ac,
remains constant regardless of the number of pumps. This area is conservatively
assumed to be:
AC =1.4D2  (2-6)
2.6 Vessel Thickness
The vessel will be constructed of stainless steel 316 to prevent corrosion of the
vessel. Since the vessel is not pressurized, and subject to little radiation due to the
integral design of the reactor, loss of ductility was not examined as a potential mode of
failure. Instead, static stresses due to the weight and static pressure of the coolant were
examined with the theorized stresses imparted during a seismic event, and matched with
ASME Boiler code requirements in order to determine necessary vessel thickness.
Additionally, the stresses imparted on the vessel during an earthquake were estimated,
and a minimum vessel thickness was determined from these estimates. The larger of the
two thicknesses is then included in the reactor design. In the cases examined in this
study, the seismic stress was always limiting.
2.6.1 Static Stress Analysis
For the static stress analysis, the three primary stresses are calculated as would be
done with a standard pressure vessel. In this case, the maximum hoop stress, ae, is due
only to the static pressure of the primary coolant. It is calculated as:
R
C' = (pn (2-7)
where R is the vessel radius, t is the vessel thickness, and Pin is the internal vessel
pressure in the bottom plenum, found to be:
Pin = pgH +AP1% , (2-8)
where p is the salt density, g is gravitational acceleration, H is the vessel height, and
APcore is the pressure drop across the core. For the axial stress, az the maximum is
expressed as:
R
oz =(n2t (2-9)
The radial stress, oxr, is defined as:
a, - 2 (2-10)2
where P0 is the pressure outside the vessel (assumed to be 1 atm.) From these stresses the
stress intensity, Si, is found to be:
SI = max(o-r - o-l Ila, - o, lo - CO 1) . (2-11)
Once the stress intensity is calculated, it is compared to the maximum allowed
value from ASME code, which for SS316 is 108 MPa for constant loading.
2.6.2 Seismic Stress Analysis
Precisely calculating the stresses imparted on the reactor vessel during a seismic
event is beyond the scope of this study; however, these stresses are likely the limiting
factor determining the minimum allowable vessel wall thickness. In order to get an
approximate, ballpark figure for vessel thickness, a non-dimensional approach originally
developed by Buongiomo and Hawkes (2004) for heavy-metal filled reactor vessels was
modified for the lower-density coolant used in this reactor.
The study that this technique is based on used a finite element structural code to
determine the maximum stress experienced by a heavy-metal filled vessel during a
seismic event. The primary modes were then examined and likened to beam-bending of
the vessel. Using the acceleration of the ground as the driving force, a fit was then made
to the finite element data, resulting in two dimensionless numbers that can estimate the
maximum stress intensity for an unknown vessel. One simplification made in this
analysis was the omission of the weight of the vessel in the calculation of beam mass.
This allows one to find a closed-form solution for the minimum required thickness, and
because in a heavy-metal cooled reactor, the coolant provides the vast majority of the
mass. In the case of the salt-cooled reactor, the vessel mass is significantly more
important.
In order to resolve this discrepancy, the data from the original study was re-
entered, and modified dimensionless numbers were found with the added mass of the
vessel. These were then used to generate a looping subroutine in the code developed to
analyze the reactor system in order to determine the necessary vessel thickness to prevent
the reactor vessel stress intensity from exceeding 263.1 MPa, the Level D ASME limit
for SS316. The results of this modification are shown below in Figure 2-7, and the
method is described in detail in Appendix D.
Vessel Thickness (cm)
10
120
9.5 \
9- 100
8.5
E 80
8
E 7.5
60
7
>6.5. 40
20
5.5
5
10 15 20 25 30 35 40
Vessel Length (m)
Figure 2-7 Required vessel thickness to withstand 0.5g magnitude seismic event for
different size reactor vessels.
2.7 Vessel Insulation
The steel that is used to fabricate the vessel must be protected from high
temperatures in order to protect from creep. This limit is set by the ASME code section
NB, and determines that the maximum steady state temperature is 450 *C. In order to
achieve this goal the core inlet temperature must be maintained below 450 *C, or
insulation must be used on the inside of the reactor vessel. Since one of the primary
goals of the reactor is to achieve high efficiency, and efficiency is driven by temperature,
it is necessary to consider some designs for which the core inlet temperature exceeds this
limit. In order to achieve these higher efficiencies, insulation may be placed on the inside
wall of the vessel.
Insulation on the interior of the vessel wall must be compatible with salt, and
should have a low thermal conductivity. One material that fits these requirements is
expanded graphite. Graphite of this type has been used in molten salt reactors for the
same purpose. The thermal conductivity of the graphite is strongly dependent on the
density and manufacturing of the insulation. A study by Vovchenko et al. (2007)
measured thermal conductivities in the range 2.9 to 6.9 W/mK. Insulation thickness will
therefore be determined as a function of thermal conductivity.
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Figure 2-8 Diagram of reactor vessel wall including internal insulation.
2.8 Secondary Cycle
The secondary power cycle uses a supercritical working fluid. This advanced
cycle has two advantages. It has high efficiency in the temperature range of the salt-
cooled reactor, and additionally, the heat input is over a relatively small temperature
range that matches the range of heat output from the reactor.
In order to reduce the modeling effort necessary to estimate plant thermal
efficiency, the secondary cycle is modeled using a simple equation fit to data from a more
rigorous model over the range of interest (Ludington, 2009). The reactor uses a
recompression cycle with two recuperators and two compressors, which was shown to be
the most promising candidate for supercritical CO 2 at temperatures similar to those in the
HEER salt-cooled reactor. The CYCLES III model was used to generate efficiency data
for the secondary cycle for turbine inlet (IHX outlet) SCO 2 temperatures from 460 'C to
550 0C, and IHX pressure drop from 0 to 500 kPa. All cycle simulations were run with a
SCO 2 mass flow rate of 1250 kg/s per 250 MWth, or a total of 5000 kg/s total for the
reactor. A diagram of the cycle is shown in Figure 2-9 with the accompanying T-S
diagram in Figure 2-10. [Ludington, 2009]
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Figure 2-9 Schematic of supercritical C02 recompression cycle used in the salt-cooled
HEER reactor. (From Ludington, 2009)
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Figure 2-10 T-S diagram for supercritical C02 recompression cycle used in the salt-
cooled HEER reactor. (From Ludington, 2009)
2.9 Decay Heat Removal
Complete development and analysis of a decay heat removal (DHR) system is
beyond the scope of the current study. However, there is a design that has been used in
similar reactor designs developed at MIT that would likely fit the needs of the LSR. This
Passively Safe Auxiliary Cooling System, or PSACS, uses the intermediate heat
exchangers and passive circulation on both the primary and secondary side to prevent the
core from becoming damaged in an accident where standard shut down equipment is not
available. During an event where pumps and compressors on the primary and secondary
sides are lost, valves open on the SC0 2 lines that divert the SC0 2 to heat exchangers that
are located in water cooling tanks. Natural circulation cooling is established within the
salt and SC0 2, and maintains core temperatures below the design limits until the water
evaporates from the storage tanks. It is assumed that within this time additional systems
will become operational, or more water may be added to the tanks as necessary.
3 Core Design
The thermal hydraulic design of the core was performed in parallel with the
neutronic design. In order to have a thermal spectrum, it was necessary to add hydrogen
to the core through the use of Zirconium-Uranium-Hydride fuel. The fuel also must have
a low linear heat rate in order to achieve the desired cycle length. The difference in fuel
and coolant materials leads to different thermal hydraulic constraints than are seen in
commercial light water reactors in use today.
3.1 Fuel Selection
For a reactor to operate with a thermal neutron spectrum, a moderator must be
present in the core. In commercial LWRs, this need is filled by the water coolant;
however, in a salt-cooled core there is typically no hydrogen present. To overcome the
non-moderating qualities of the primary coolant, hydride fuel was selected which
contains hydrogen in a matrix with zirconium and/or thorium in addition to the fissile
uranium. Three fuel types were studied: U-Zr-H, U-Th-Z-H, and U-Th-H. After pin-cell
neutronics calculations were completed, U-Zr-H was selected as it allowed a longer fuel
cycle length than the other candidates.
U-Zr-H, stochastically Uo.3 ZrH1 .6, was developed for the TRIGA research
reactors, and as such much is known about the thermal and neutronic characteristics of
the fuel. It was developed to be inherently safe with a large negative temperature
coefficient. Hydrogen will diffuse out of the fuel at high temperatures, resulting in a
negative reactivity insertion in an accident scenario. Fission gas release is extremely low
if the fuel is kept below a temperature of 650'C during normal operation; however, the
original manufacturer of the fuel suggested 750'C as the maximum operating
temperature. Under transient conditions, the fuel may be able to withstand temperatures
as high as 1200'C. For the salt-cooled HEER, the fuel will consist of 45 wt% Uranium,
enriched to 19.9 wt%. Comparison of the thermal properties of U-Zr-H and U0 2 is
shown in Table 3-1.
Table 3-1 Comparison of U-Zr-H with U0 2 (From Todreas, 1990 and Simnad, 1981)
Property U0 2  U-Zr-H
Uranium Density 9.67 x 103 kg/m 3  3.733 x 103 kg/rn 3
Thermal Conductivity 3.6 W/mK 18 W/mK
Melting Point 2800 0C > 13500 C
Temperature Limit 2800 0C 650-750 0 C
Engineering Limit Heat Flux-Related (Critical Fuel Temperature
Heat Flux, Critical Power)
3.2 Clad Selection
Fuel clad selection was performed based on neutronic, thermal hydraulic, and
chemical compatibility criteria. Zircaloy, Hastelloy, Stainless Steel, Inconel, and Silicon
Carbide were considered as candidates.
Zircaloy was eliminated due to incompatibility with the liquid salt coolant.
Zircaloy forms a passivation layer in LWRs, which forms an inert barrier between the
metal and the coolant; however, in a floride salt environment this layer is quickly
dissolved. Inconel was similarly discarded as tests at Oak Ridge indicate high rates of
corrosion (Williams, 2006).
Stainless steel has questionable salt compatibility characteristics. More important
to the selection process is the high parasitic neutron absorption cross section of iron,
which reduces cycle length drastically over zircaloy cladding. Hastelloy, while
compatible chemically with the salts, has an even higher absorption penalty than stainless
steel (Kazimi et al. 2009). Hastelloy also swells when irradiated, which would lead to
additional engineering challenges.
Silicon Carbide (SiC) composite cladding has several benefits over these other
candidates. While testing of SiC in a liquid salt environment has not been performed, as
long as impurities in the salt can be minimized, the clad should resist oxidation. If
oxidation is still present, it is possible that a coating of graphite might be applied to the
exterior in order to reduce this corrosion. SiC clad has a low neutronic absorption
penalty, and actually outperforms Zircaloy in this regard. Additionally, SiC is very
resistant to attack from and permeation by hydrogen, indicating good compatibility with
the fuel. For these properties SiC was selected as the clad of choice for the HEER salt-
cooled reactor. The composite is made up of a solid monolith tube surrounded by
reinforcing SiC fibers. The monolith acts as a coolant-tight barrier, while the fibers
provide added strength and compensate for the brittleness of the monolith. While pure
unirradiated SiC has high thermal conductivity, after irradiation this value drops
considerably due to the rearranging of the molecular structure. This results in thermal
conductivities of approximately 4 W/mK, the value used in the thermal hydraulic analysis
of the LSR core (Carpenter, 2006).
3.2.1 Fuel Clad Thickness:
In order to determine the necessary thickness of the silicon carbide clad, it is
important to determine the stresses that affect the cladding. A liquid-metal bond is used
in the gap between the fuel and the clad to decrease the temperature drop across the gap.
This allows the gap to be significantly larger with very limited effect on peak fuel
temperature. For the Liquid Salt HEER a Pb-Bi-Sn eutectic was chosen for its low
melting point, which will reduce issues with fabrication. With this liquid metal gap it is
possible to fabricate the fuel pin such that there should never be any stresses due to
swelling of the fuel. Since the coolant does not need to be pressurized, the only stresses
expected in the clad are from fission gas release and subsequent internal pressurization.
Fission gas release from the ZrUH fuel is not well understood, especially at higher
temperatures (650 -750*C). Below about 650 'C, it is believed that the fission gas release
fraction is negligible at around 104, and is due only to recoil release from fissions very
near the surface of the fuel rod. Above this temperature, little or no experiments of
consequence have been performed (Olander, 2007). It has been proposed by the fuel
manufacturer (Simnad, 1981) that the fuel can be used up to 750*C; however, this is still
uncertain pending further experiments. Analysis of the fuel at these higher temperatures
predicts that fission gas release is highly dependent on the creep rate of the fuel, which is
also unknown (Karahan, 2008). Because of the uncertainty in the maximum fuel
temperature and associated fission gas release, scoping analysis was done to determine
the necessary clad thickness.
As silicon carbide, the desired clad, is not yet used in commercial reactors, there
are no codified restrictions on the allowable stresses during normal operation. Since
there is no clear design limit, a study was done to determine what stresses would be
present at different fission gas release rates, and these stresses were compared to the
predicted ultimate tensile strength and yield stress of the silicon carbide composite
cladding.
The following assumptions were used in the clad stress analysis for the case with
maximum fuel temperature equal to 720 *C:
* There are 0.25 fission gas atoms created per fission
e No fission gasses escape clad/plenum
* Plenum maintains a temperature of 720 'C
* Average linear heat rate is 1.570 kW/m
* Hottest pin produces 1.1 times as much energy as average pin
e Fission gasses behave ideally and are monatomic
e Core lifetime is 10 years
e No static pressures are present over the life of the fuel
e Thin wall approximation is used for calculating the primary stresses (with R/t ~ 6)
* Fission gas release fraction is unknown and so is treated as a parameter
Note that the peaking factor for the hot pin is not the same as in the thermal
hydraulics analysis. This is because this is an averaged radial peaking factor over the life
of the core. The pin that is hottest at the beginning of the core lifetime will become
depleted and have a lower peaking factor later. This value will be confirmed in future
bum-up analyses, but has relatively little effect on the subsequent calculations.
For the analysis, the total number of fissions in the hot fuel pin over the lifetime
of the core is calculated from the linear heat rate, pin length, core lifetime, and
recoverable energy per fission. This number is then multiplied by the number of gas
atoms created per fission, and the fission gas release fraction to find the total number of
gas atoms released into the plenum. The ideal gas law is then used to determine the
internal pressurization of the fuel rod. Then the thin wall approximation is used to
calculate the radial, hoop, and axial stresses in the rod:
S=- 2 (3-1)
RR
Uz= (PI - P)--t (3-3)2t
where Pi is the internal plenum pressure, P0 is the external pressure (assumed to be zero),
R is the clad radius, and t is the clad thickness. Note that using the thin wall
approximation does introduce uncertainty of approximately 20% into the result; however,
it is assumed that this is sufficiently accurate for a preliminary analysis of plenum height.
This result is then used to calculate the maximum stress intensity, Si:
S, =max(|r -0o01,o oar , lo-z-o-Il) - (3-4)
Silicon carbide composite tubes use as a fuel clad is a recent innovation
[Carpenter, 2006], and as such the range of sizes that can be manufactured is somewhat
uncertain. It is desirable to have the thinnest fuel clad possible for minimizing fuel
temperature while maximizing reactivity, core lifetime, and power density. Thus 0.57
mm was selected as the minimum thickness due to current work being performed to
create a composite SiC clad with similar dimensions for PWRs [Carpenter, 2006]. It is
also important for thermal constraints that the pin has relatively small diameter, as this
reduces the temperature rise across the radial dimension of the fuel. Since the minimum
pin outer diameter was selected to be 7mm, this value was selected for stress analysis.
Table 3-2 shows the parameters used in the clad stress analysis. The results for various
fission gas release fractions are shown in Figure 3-1.
A similar analysis was run for fuel rods with a maximum fuel centerline
temperature of 650 *C. The only difference in the analysis is that the fission gas release
fraction is set at 104 as described in Olander [2007], and the plenum temperature is
dropped by 70'C to 650'C. The results are shown in Figure 3-2.
Table 3-2 Input parameters for fuel stress analysis
Parameter: Value:
Fuel pin active height 4 m
Fuel rod outer diameter 7 mm
Clad thickness 0.57 mm
Average core linear heat rate 1570 W/m
Pin peaking (over core lifetime) 1.1
Gas atoms created 0.25 per fission
Core lifetime 10 years
Gas plenum temperature 720 *C
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clad stress intensity as a function of plenum height for various predicted
fission gas release fractions.
As no stress limits have been dictated for the silicon carbide clad, an assessment
must be made by comparing the values to the yield strength and ultimate tensile strength.
Plots of these properties are shown in Figure 3-3 and Figure 3-4.
As can be seen from the figures, in the case where fuel centerline temperature
does not exceed 720 0C, a 2 cm plenum would prevent the clad from ever reaching even
0.5% of the UTS. In the less conservative case with 720'C fuel temperature, there may
need to be an extended plenum to account for the pressure buildup depending on the true
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fission gas release fraction; however, this would need to be decided based on yet-to-be-
determined stress limits and experimentally determined fission gas release fractions at
higher fuel temperatures.
The primary reason for resisting a longer gas plenum is to keep the pressure drop
across the core low, reducing the pumping power and increasing natural circulation in the
event of a loss of flow event. The effect of this lengthening is roughly linear with respect
to the pumping power across the core. For example, if a 20 cm plenum is added to 4m
fuel pins, the pumping power necessary to provide the pressure difference across the core
will increase by 5%.
This analysis ignores any pressure due to fuel-clad contact. It is assumed that the
initial gap, calculated based on conservative assumptions for fuel swelling, will be a
sufficient design approach to prevent fuel-clad contact.
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Figure 3-2 Clad stress intensity as a function of plenum height for the conservative core
with maximum fuel temperature of 650 'C
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Figure 3-4 Ultimate tensile strength of silicon carbide composite as a function of DPA
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3.3 Fuel Rod Design
Due to the highly viscous nature of the salt coolant, it is difficult to provide
sufficient cooling in the core in the absence of large pressure drops. Lowering the linear
heat rate will help reduce the required coolant flow, thus also the pressure drop, but will
also reduce the power density of the core. To help overcome this, the pitch to diameter
ratio (P/D) is reduced, essentially squeezing more fuel rods into the same volume of
space. Additionally, reducing the fuel diameter will help by increasing the fuel surface
area to volume ratio. Both of these techniques were used to the extent that the assembly
would still be easily manufactured. P/D of 1.08, and fuel outer diameter of 7mm were
selected for the HEER salt-cooled reactor design.
Once the fuel outer diameter is set, the clad and gap must be sized in order to
ensure thermal and mechanical suitability. As the clad is not under stresses from either
primary coolant pressure or the fission gas release (when suitable fission gas plenum is
present) the only stress that may be imparted on the clad comes from fuel swelling. In
order to reduce the possibility of swelling and pellet-clad interaction failures, the gap is
sized such as to accommodate any fuel swelling that occurs. SiC composite cladding has
the benefit of very low creep, so this was not included in the calculations for sizing the
gap. Using information on swelling from Olander (2007), the fuel strain caused by
hydrogen redistribution, thermal expansion, and solid fission product swelling were
calculated, with a total radial strain of 0.04437. With a fuel radius of 2.73mm, this
indicates total swelling as a result of hydrogen redistribution, fission products, and
thermal expansion of approximately 120 tm (Kazimi et al, 2009). For the sake of
conservatism and in order to accommodate the uncertainty in these calculations, a radial
cold gap of 200 pm was used. By contrast, cold gap width in a 17x17 PWR assembly is
75 pm. The cold gap width was used for thermal hydraulics calculations. This has little
effect on the fuel temperature due to the liquid metal bond, and it ensures that the
temperature drop across the gap is conservative.
As this gap is significantly larger than current LWR fuel, and since the fuel has a
lower temperature limit, it is necessary to decrease the thermal resistance across the gap.
This is done by filling the gap with a metal which will be liquid at temperatures seen in
the reactor. For the HEER salt-cooled design, the decision was made to go with a Pb-Sn-
Bi eutectic mixture which achieves a melting point of about 95 *C.
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Figure 3-5 Clad and fuel dimensions (to scale)
Since the SiC clad has relatively low thermal conductivity, it is desirable to
reduce the clad thickness to the extent that it is still able to be manufactured and is
mechanically suitable. As the clad is never expected to be under great internal or external
pressure, the clad thickness was based on currently manufactured SiC composite clad
samples which are 0.57 mm thick (Carpenter, 2006.) Note that this is very similar to
current PWR zircaloy clad thickness. A to-scale diagram of fuel dimensions is shown in
Figure 3-5.
The fuel rods are supported in the assembly by wire wrap spacers. These provide
the support of a traditional spacer with a smaller pressure drop penalty. These wires are
tentatively to be made of stainless steel, however changing to a different material would
not effect any of the thermal hydraulic calculations or designs, but would only potentially
affect reactivity. Three pins drawn to scale with wire wrap are shown in Figure 3-6.
0.56mm
Figure 3-6 To-scale diagram of fuel pin spacing and wire wrap.
3.4 Assembly size and Core Layout
Assembly size was selected such that the mass of each assembly was less than
500 kg in order to ensure that the assembly can be lifted easily by crane. While a 12-ring
assembly would be under this limit if only fuel weight is considered, the decision was
made to use an 11 -ring assembly in order to allow some margin for additional
components and structures above and below the active fuel region and to provide some
conservatism. The full assembly is depicted in Figure 3-7. The central rod is reserved
for instrumentation, and there are 18 control rod fingers as shown in Figure 3-8. This
decreases the active fuel rods per assembly to 312.
The assembly is surrounded by a Hastelloy can or duct to support the wire-wrap
spacers and provide rigidity to the assembly. The can adds complexity to the design, as
there are flow channels at the edge and corners of the assembly that experience different
flow rates than a central pin. This has been accommodated by a parallel channel code,
described in Appendix B.
The core is arranged with about 12 rows of active fuel in 511 assemblies. The
assemblies have burnable poison added to reduce radial peaking and flatten the flux
profile. Gadolinium was selected as the poison based on reactivity characteristics and
compatibility with hydride fuel (Kazimi et al. 2009). Outside of the active fuel are two
rows of reflector assemblies and one row of shield assemblies, as seen in Figure 3-9. The
reflector assemblies are constructed of graphite without cladding, as graphite is
chemically compatible with the LSR coolant. The shield assemblies contain natural B4C
with SiC cladding. The geometry for both types of assemblies is described in Table 3-3
and shown in Figure 3-10.
Table 3-3 Reflector and shield assembly geometry (from Kazimi et al.)
Reflector Shield
Asse. Pitch [cm] 14.650 14.650
Duct Thick. [cm] 0.300 0.300
Gap Thick. [cm] 0.100 0.100
Pin pitch [cm] 0.700 3.031
Pin OD [cm] 0.699 3.029
Clad Thick. [cm] - 0.227
Meat Diam. [cm] - 2.317
P/D 1.0009 1.0009
Pins per Asse. 127 19
Figure 3-7 11 -ring hexagonal fuel assembly with central instrumentation tube.
(From Kazimi et al. 2009)
Figure 3-8 1/6th slice of fuel assembly, which central instrumentation tube and control
rods (From Kazimi et al. 2009)
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Figure 3-9 One-twelfth model of LSR core with reflectors and shielding. (From Kazimi
et al. 2009)
Figure 3-10 Depiction of reflector (left) and shield (right) assemblies. (From Kazimi et al.
2009)
4 Reactor System Optimization
Once the characteristics of the core were determined, codes were written to model
the remainder of the primary coolant loop and the reactor vessel. Additionally, the
secondary loop was isolated and efficiency data was fit using MATLAB to allow for the
effect of turbine inlet temperature and Intermediate Heat Exchanger (IHX) pressure drop
to be taken into account during the optimization process.
As the core geometry and heat generation characteristics of the core are already
known, the flow rate of salt is set so that the maximum fuel temperature in the core is
equal to the 650*C steady state limit. This minimizes the coolant flow rate, and therefore
the pumping power. Pump size is determined next, as is the cross sectional area available
for the IHX tubes. The IHX is then analyzed using this flow rate and with the same salt
temperature at the inlet as the core outlet. The effective conductivity between the
working fluids is calculated, and the length of heat exchanger necessary to transfer the
steady state heat generation rate of the core is determined. Using the pressure drop in the
heat exchanger and the SCO 2 outlet temperature from the IHX calculations, the total
electrical output for the secondary cycle is determined. After subtracting the pump work,
the net electrical output is determined. The height of the IHX is then added to the height
of the core with additional buffer in order to determine necessary vessel length. Details
of this code are included in Appendix A.
4.1 Design Goals
The LSR concept has several different design goals and limits that this
optimization analysis seeks to address. The most obvious goal for the reactor is to
produce a high net electrical output. This goal is achieved by maximizing SCO 2
temperature, and minimizing SCO 2 pressure drop as well as salt pumping power by
reducing salt pressure drop and flow rate. Furthermore, pressure drop across the core
should not exceed roughly 1 MPa, as pump design becomes less trivial at around this
pressure head. This soft limit is based on current Gen 4 fast reactor designs, none of
which have a core pressure drop exceeding that of the BN-800, which measures 0.68
MPa (IAEA, 2006).
The vessel size has two important cutoffs corresponding to transportability and
modularity. If the vessel can be designed with no more than a 6. 1m outer diameter and a
19.1m height, the vessel may be transported on special rail cars within the United States
(Hejzlar et al, 2004). If transporting the vessel on a barge is an option, the outer diameter
can reach 1Gm and the length can also be increased. The 10m limit is primarily based on
current manufacturing requirements for the vessel head (Boardman et al. 2000).
Minimizing vessel height is desirable as it leads to lower costs for the vessel and
the primary coolant, and reduces the containment height as well as the need to have
thicker vessel walls to support the added weight. A maximum height that will be set is
20m, as this is the approximate height of the SPRISM (Boardman et al. 2000). As long
as the vessel outer diameter is less than 1Gm, the reactor vessel for the HEER reactor will
be subject to no greater manufacturing or shipping constraints.
The IHX margin to voiding, as defined in section 2.4.2, must be greater than zero.
This ensures that the difference in free level heights will be sufficient to drive the salt
through the IHX without experiencing voiding at the heat exchanger salt outlet. Some
additional margin is preferred in order to ensure conservatism in the calculations.
The fuel temperature limit may be set in the 65 0 'C to 72 0 *C range. The original
manufacturer of the fuel states 75 0 'C as the maximum stead state temperature; however,
studies on fission gas release have only be conducted up to 650 'C. Ultimately the higher
allowable fuel temperature facilitates reduced coolant flow and thus reduced pressure
drop in the core, and so may be necessary.
4.2 Results, Analysis, and Design Optimization
As the core dimensions are already determined by the neutronic constraints of the
reactor, the first parameter that is optimized is the core outlet temperature. The primary
concern is that the pressure drop across the core may exceed the soft limit of 1 MPa. The
pressure drop is directly a function of the viscosity of the salt and the mass flow rate
through the core. These are indirectly set by the core outlet temperature and the
maximum fuel temperature. Plots of mass flow rate and core inlet temperature are
displayed in Figure 4-1 and Figure 4-2 respectively. Note that the slight irregularity of
the lines in Figure 4-1 are artifacts of the nodalization used to create the plot.
Additionally, the plot of core inlet temperature includes temperatures below the melting
point of NaF-BeF2. While the equations that calculate inlet temperature dictate this
result, this is obviously not a valid design space and is included in the plot in order to
better show the overall trend. The core pressure drop is shown in Figure 4-3. Note that
the dark region in the lower right-hand corner of this plot is a result of transition to
turbulent flow. This results in very high pressure drops. Contour lines are omitted for
sake of clarity; however, this region is well outside of the design limits for the LSR.
An interesting characteristic of Figure 4-3 is that there is a value for core outlet
temperature that minimizes the pressure drop. This is counterintuitive; when the core
outlet temperature increases, the flow rate increases, as seen in Figure 4-1. Thus, it
would seem that increased coolant flow would increase pressure drop, and thus that the
minimum pressure drop would be found at the minimum core outlet temperature.
However, because of the temperature dependence of salt viscosity, the colder coolant
temperatures lead to greatly increased friction factor. Furthermore, compounding this
effect is the change in core inlet temperature. An increase in coolant outlet temperature
leads to an increase in mass flow rate, which in turn decreases the temperature difference
across the core. This effect leads to an increase in core inlet temperature of about 2'C for
every 1*C increase in core outlet temperature. Thus the average temperature in the core
rises about 1.5'C for each 1 C rise in core outlet temperature. The viscosity of NaF-BeF 2
is very temperature dependent, and is plotted in Figure 4-4. It is also important to
maintain core inlet temperature sufficiently above the coolant melting temperature of
3400 C.
It is also apparent from Figure 4-3 that increasing fuel temperature reduces core
pressure drop. Previously, 720'C was selected as the highest the fuel temperature could
be pushed to. This allows for 30*C between the calculated steady state limit and the
maximum temperature listed in the fuel specifications. It also allows for about 500*C
temperature rise in a transient or accident situation without damage to the fuel (Simnad,
1981). A plot of core pressure drop versus outlet temperature for the 720'C fuel
temperature limit is shown in Figure 4-5. As the minimum occurs around 570-580*C
outlet temperature, 570'C was selected for the design. The slightly reduced temperature
has very little effect on pressure drop, but will reduce the need for insulation slightly, and
may result in decreased corrosion rates.
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Figure 4-5 Core pressure drop as a function of core outlet temperature for a maximum
fuel temperature of 720*C
Three parameters remain in the optimization: vessel inner diameter, IHX tube
diameter, and IHX tube pitch. The remaining properties were either fixed or were
calculated based on the three variable parameters; fixed values are shown in Table 4-1,
and design results are given in Table 4-2. The primary effect of varying the vessel
diameter is to restrict the cross sectional area available for the IHX. This generally
requires the heat exchanger to be longer to compensate for fewer tubes, which in turn
increases the pressure drop on both the salt and SCO 2 sides. Decreasing tube diameter
results in more tubes fitting into the limited space available to the IHX. This results in
increased surface area on both sides of the IHX, resulting in a shorter tube length;
however, decreased tube diameter also increases the pressure drop on the SCO 2 side per
unit length of tube. Decreasing the pitch to diameter ratio (P/D) in the IHX increases the
number of tubes, which decreases the SCO 2 velocity. This decreases both the pressure
drop per unit length and the heat flux. As P/D decreases, it also reduces the flow area for
the salt. This increases the salt velocity, which increases salt-side pressure drop per unit
length, and increases the salt-side heat transfer coefficient. These two effects compete on
both sides of the heat exchanger in a way that must be optimized. Plots of important
design parameter on a P/D vs tube diameter plot are shown in Figure 4-6 through Figure
4-10.
Table 4-1 Code inputs from core neutronics analysis
Parameter: Value:
Pin Outer Diameter 7 mm
Clad Thickness 0.57 mm
Gap Width 200 Rm
Fuel Outer Diameter 5.46 mm
Pitch to Diameter Ratio 1.08
Average Linear Heat Rate 1.57 kW/m
Radial Peaking Factor 1.55
Axial Peaking Factor 1.5
Inter-assembly Peaking 1.073
Pins Per Assembly 331
Heated Pins Per Assembly 312
Total Number of Assemblies 511
Total Core Thermal Power 1 GW
Core Height 4 m
Fission Gas Plenum 0 cm
Table 4-2 Code outputs from core optimization
Parameter I Value
Optimized Parameters:
Fuel Temperature Limit
Core Outlet Temperature
Calculated Values:
Core Inlet Temperature
Salt Mass Flow Rate
Core Pressure Drop
Core Salt Bulk Velocity
Salt Heat Transfer Coefficient in Core
Bypass flow as a percentage of total flow
Core Power Density
7200C
5700C
480.60C
5123 kg/s
1.04 MPa
1.23 m/s
3400 W/m2 K
0.35%
26.35 kW/1
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Figure 4-6 Vessel length as a function of IHX tube diameter and pitch-to-diameter ratio,
for a 9m ID reactor vessel
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Figure 4-7 IHX void margin for various IHX tube diameter and P/D values in a 9m ID
vessel
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Figure 4-8 Net electricity output for various IHX tube diameter and P/D values in a 9m
ID vessel
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Figure 4-9 SCO 2 pressure drop in IHX for various IHX tube diameter and P/D values in a
9m ID vessel
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Figure 4-10 Total salt pressure drop for various IHX tube diameter and P/D values in a
9m ID vessel
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The first parameter to be optimized is the IHX tube diameter. Of the five
parameters of interest, three are more favorable at smaller tube diameter: vessel length,
power output, and SCO 2 pressure drop. The IHX void margin is less favorable at small
tube diameters, however, as long as the margin is positive the design is considered
acceptable. Therefore the void margin will be checked in all designs, but increasing the
void margin is not a reason to increase tube diameter unless the margin is negative. The
final parameter, salt pressure drop, is more favorable at large tube diameters; however,
the dependence on P/D is much more significant. Thus a tube diameter of lcm was
selected, pending acceptable void margin. With the variables narrowed to only P/D and
vessel diameter, the remaining design space can be fully displayed in two dimensional
plots, shown in Figure 4-11 through Figure 4-15.
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Figure 4-11 Vessel length as a function of vessel inner diameter and IHX P/D
Margin to IHX Voiding (m)
7 7.5 8 8.5
Vessel Inner Diameter (m)
9 9.5
Figure 4-12 IHX void margin as a function of vessel inner diameter and IHX P/D
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Figure 4-13 Net electricity production as a function of vessel inner diameter and IHX P/D
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Figure 4-14 SCO2 Pressure drop in IHX as a function of vessel inner diameter and IHX
P/D
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Figure 4-15 Total salt pressure drop as a function of vessel inner diameter and IHX P/D
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Figure 4-11 indicates that heat exchanger surface area is the driving factor in
vessel length. As the vessel diameter decreases it must lengthen in order to accommodate
a longer IHX. Similarly, as the pitch between the tubes increases, longer tubes are
needed to compensate for lost surface area. Thus there is a somewhat typical trade off of
length for diameter. All else being equal, this is primarily an issue of cost. Since cost
will vary both with vessel volume (as there will be increased salt volume) and with vessel
surface area (for the vessel material costs), plots of these factors are shown in Figure 4-16
and Figure 4-17 respectively. Both of these plots show a preference for small diameter
and P/D, with perhaps more importance placed on reducing P/D.
While reducing vessel volume and surface point to small P/D and relatively small
reactor vessels, the remaining factors offer competing evidence for which design should
be selected. The IHX void margin actually eliminates designs near the left hand bottom
corner, or those with small diameter and small P/D. Pressure drop on both the salt and
SC0 2 sides indicate that the ideal design has larger vessel diameter, as does the net
electricity generation plot. Furthermore, SC0 2 pressure drop and electricity output are
optimal at low P/D. Salt pressure drop is optimal at high P/D. Taking all of these
considerations into account, an 8.5m ID vessel was selected, with IHX P/D of 1.2.
Further information on this design is included in Table 4-4. As the thermal conductivity
of the vessel insulation is not yet determined, Figure 4-18 shows the necessary thickness
as a function of insulation conductivity.
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Figure 4-16 Vessel volume as a function of vessel diameter and IHX P/D
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Figure 4-17 Vessel surface area as a function of vessel diameter and IHX P/D
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Figure 4-18 Insulation thickness as a function of insulation thermal conductivity
Table 4-3 Fixed inputs for system optimization
Parameter Value
Core outlet temperature 570 0C
Fuel temperature limit 720 0C
SCO 2 mass flow rate 5000 kg/s (1250 per IHX)
SCO 2 IHX outlet temperature 550 0C
SCO 2 IHX inlet temperature 388.6 0C
Riser Gap 0.1 m
Table 4-4 Inputs selected for system optimization
Parameter I Value
Optimized Parameters:
Vessel inner diameter
IHX P/D
IHX tube outer diameter
Code Outputs:
Vessel length
Margin to IHX voiding
Net Power Output
SCO 2 pressure drop in IHX
Total salt-side pressure drop
Pumping power (Primary side)
Reactor vessel thickness
Pump diameter (for 2 pumps)
IHX tube length
IHX tube thickness
Net Cycle Efficiency
Salt heat transfer coefficient in IHX
Salt velocity in IHX
Salt Reynolds number in IHX
SCO 2 heat transfer coefficient in IHX
SCO 2 velocity in IHX
SCO 2 Reynolds number in IHX
8.5 m
1.2
1 cm
15.31 m
4.1 m
456.5 MW
19.6 kPa
1.10 MPa
2.6 MW
5.5 cm
0.63 m
6.89 m
1.7 mm
45.65%
645.3 W/m 2K
0.26 m/s
140
2881 W/m2K
4.92 m/s
1.31E5
4.3 Sensitivity to Salt Properties
One difficulty inherent in working with less-studied coolants is the uncertainty
surrounding the thermal hydraulic characteristics of the fluid. For the case of NaF-BeF 2,
the coolant density and viscosity have been experimentally determined; however, there is
large uncertainty associated with the thermal conductivity and heat capacity.
Heat capacity, cp, of the salt has been experimentally determined but with a high
degree of uncertainty. The experiment indicated a heat capacity of 2186 J/kgK evaluated
at 700'C; however this measurement was performed only to an accuracy of +10%. The
Dulong Petit estimation is also accurate to t10% for salts containing BeF 2, which gives a
value of 1840 J/kgK (Williams, 2005). Note that these values do not overlap over their
range of uncertainty, and thus at least one must be incorrect.
Thermal conductivity was determined using two different predictive techniques.
The Rao-Turnbull prediction gives a value of 0.58 W/mK, while the Kokhlov correlation
predicts a value of 0.87 W/mK (Williams, 2005).
In the optimization analysis of the core and reactor systems the larger values for
both of these properties were used: 2186 J/kgK for heat capacity and 0.87 W/mK for
thermal conductivity. To see the effect of varied properties, the heat capacity was varied
between 1656 and 2405 J/kgK. Thermal conductivity was assumed to also have 10%
error bounds on each value, and was varied between 0.52 and 0.96 W/mK. The system
analysis code was executed as before; the salt flow rate was set so that the maximum fuel
temperature was equal to the temperature limit, and the IHX length was determined such
that the length was sufficient to transfer the steady state heat from the salt to the SCO 2.
Results from key parameters are shown in Figure 4-19 through Figure 4-24. In
each figure, the circle indicates the value of thermal conductivity and heat capacity used
in the optimization analysis. These results indicate that most parameters would still be
within the desired limits if the salt properties are in fact what is postulated as the worst
case scenario, where conductivity and heat capacity are at their lowest. The one
exception is the core pressure drop, which would potentially increase greatly from 1.04
MPa to almost 1.5 MPa. As the cooling properties of the salt are reduced, the flow rate
must be increased in order to maintain fuel temperatures below the set limit. This results
in the observed behavior. From a design perspective, if the thermal properties of NaF-
BeF2 are in fact lower than expected, the core design may need to be modified to increase
the pitch between the fuel pins and/or the IHX tubes.
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Figure 4-19 Vessel length as a function of salt thermal conductivity and heat capacity
Margin to IHX Voiding(m)
4.5
3.5
0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Salt Thermal Conductivity (W/mK)
Figure 4-20 Margin to IHX voiding as a function of salt thermal conductivity and heat
capacity
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Figure 4-21 Net electricity output as a function of salt thermal conductivity and heat
capacity
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Figure 4-22 Core pressure drop as a function of salt thermal conductivity and heat
capacity
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Figure 4-23 Total salt pressure drop as a function of salt thermal conductivity and heat
capacity
SCO2 Pressure Drop in IHX (kPa)
U
0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Salt Thermal Conductivity (W/mK)
Figure 4-24 SCO 2 pressure drop as a function of salt thermal conductivity and heat
capacity
2400
2300
2 2200
2100
w 2000
1900
1800
1700
68
5 Conclusion
5.1 Current Design
Using the design constraints and goals laid out in the body of this thesis, along
with rigorous optimization, a design was selected for the HEER LSR. The design meets
most constraints within reason; however, the limits for core pressure drop and maximum
fuel temperature were relaxed to less conservative values than originally suggested.
The optimization resulted in a reactor vessel with a 8.5m inner diameter and a
15.3 1m length. This is suitable for factory manufacturing, but must be shipped by barge
to sites near navigable waterways as it is not transportable by railcar. The reactor
generates 1GWth with a 45.65% net efficiency, generating 456.5 MW of electricity. The
core has a 10 year lifetime, which comes as a result of a low, 26.25 kW/l power density
and the tight pin pitch in the core. The U-Zr-H fuel is maintained at or below 720'C,
which should be acceptable for this fuel type. Fission gas plenum height is left
undetermined, as it is highly dependent on both the fission gas release fraction for the
fuel, unknown above 650'C, and the stress limit of the SiC composite cladding, also yet
to be determined.
The pressure drop across the core exceeds the original goal of 1 MPa, but only by
3%. Since this limit is considered soft, this does not invalidate the design, but the
feasibility of pump design should be evaluated. The mass flow rate through the core,
determined based on maximum fuel temperature, is 5123 kg/s. This results in a core inlet
temperature of 480.6'C when the core outlet temperature is pinned at 570'C. This gives
a 140'C margin between the core inlet temperature and the freezing point of the salt. The
secondary cycle was modeled, and the selected design possesses a 550'C turbine inlet
temperature, and a cycle efficiency of 45.9%. The intermediate heat exchanger tubes
were optimized and 1cm OD tubes with 1.7mm wall thickness were selected, spaced with
a pitch-to-diameter ratio of 1.2. The IHX tube length is 6.89m. Vessel insulation
thickness was determined as a function of insulation thermal conductivity. Vessel
thickness necessary to withstand a 0.5g magnitude earthquake without exceeding ASME
Level D loading limits was determined to be 4.25 cm.
After a design was selected, sensitivity analysis was performed to measure the
effect of uncertainty in the salt properties. With less favorable properties than were used
in the optimization, most values are still within the design limits; however, at the
extremes pressure drop through the core increases dramatically. If the salt properties are
later determined to more closely represent these less favorable values, core spacing may
need to be relaxed or linear heat rate reduced.
As a method for assessing the quality of the ensuing design, important design
parameters are compared with those of IRIS, an integral pressurized water reactor, are
included in Table 5-1. While the IRIS has lower enrichment and a smaller diameter
vessel, the LSR achieves higher thermal plant efficiency, and has a shorter pressure
vessel. It also has lower primary pressure, and a longer cycle lifetime.
Table 5-1 Comparison between the HEER LSR and the IRIS reactor
Parameter IRISa LSR
Core Thermal Power 1000 MW 1000 MW
Core Power Density 51.26 kW/l 26.35 kW/l
Electrical Power Output 335 MW 456.5 MW
Plant Thermal Efficiency 33.5% 45.6%
Core Lifetime 8-10 years 10 years
Fuel Type U0 2  U-Zr-H
Fuel Enrichment -8% 235u 19.9% 235U
Assembly Lattice Square array Hexagonal array
Assembly size 17x17 (264 heated rods) 11-rings (312 heated pins)
Core Active Fuel Height 4.267 m 4 m
Reactor Vessel Diameter 6.21 MW 8.5
Reactor Vessel Length 22.2 m 15.3 mn
IHX/SGs 8 Helical Tube SGs 4 Shell-and-tube IHX
Power cycle working fluid Steam Supercritical CO2
Core Outlet Temperature 328 0C 5700C
Turbine Inlet Temperature I3 170C 550 0C
a IRIS values taken from Carelli (2003) and Carelli et al. (2004).
5S2 Future Work
Much of the future work needed for the HEER LSR revolves around resolving
materials properties. Coolant properties need to be established to higher accuracy in
order to further assess the validity of the design. Heat capacity and thermal conductivity
data are particularly needed. Further study is also needed with regards to the fuel
cladding to determine both maximum allowable stress and chemical compatibility with
salt in an irradiated environment. More information is also needed on fuel fission gas
release and fuel swelling at temperatures above 650*C.
Additionally, non-steady state analysis needs to be performed on the thermal
hydraulics system. This includes transients such as turbine trip, station blackout, partial
assembly blockage, as well as reactivity transients. The passive safety of the plant also
needs further investigation to confirm that sufficient flow will occur on the primary side
to maintain fuel temperatures below the transient design limit.
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Appendices
Appendix A: Reactor System Analysis Code
After models were developed for the Core and IHX, a script was developed to tie
the models together and quickly analyze key design parameters over the multi-
dimensional design space that is of interest. The models for the core, IHX, and
vessel/insulation sizing are described in Appendices B, C, and D, respectively.
The script uses four main inputs for each calculation, the core outlet temperature,
the vessel inner diameter (not including insulation), and the tube outer diameter and P/D
ratio in the IHX. The other values are set prior to each run and are considered constant.
Figure A-I is a flow diagram of the inputs and outputs of different subroutines.
First, the code iterates the core analysis model, described in Appendix B, in order
to determine the salt flow rate whereby the maximum calculated fuel centerline
temperature will equal the limit set. This determines the primary coolant mass flow rate,
the core inlet temperature, and the core pressure drop. Next, the pressure drop is used to
determine the pump size. This size is then used in conjunction with the core barrel
diameter and vessel inner diameter to calculate the cross sectional area available for the
IHX.
Once the cross sectional IHX area is determined, the core outlet temperature and
the IHX tube diameter and P/D are fed to the IHX subroutine, described in Appendix C.
This code then determines the SCO 2 IHX outlet temperature, the SCO 2 pressure drop, the
IHX length, and the salt-side IHX pressure drop. The IHX length is added to the core
length with additional buffer to determine the total vessel length.
After the IHX properties are determined, the mass flow rate, core inlet
temperature, and vessel length are used to determine the necessary vessel and insulation
thickness, as described in Appendix D.
Finally, the total salt side pressure drop and mass flow rate are used to determine
the electricity usage of the primary side pumps. This is subtracted from the total
electrical output of the secondary cycle, calculated from the IHX pressure drop and SCO 2
outlet temperature, in order to determine the net electricity output and efficiency of the
reactor.
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Appendix B: Core Subchannel Analysis Code
A code was created for the purpose of quickly prototyping different core designs, such
that they could be compared and optimized in conjunction with neutronic analysis that
was run parallel to this study. This code was subsequently incorporated into a primary-
side analysis code as discussed in Appendix A. The script is written in MATLAB, and
finds a best-estimate solution while making use of conservative assumptions and
approaches when possible.
B.1 Assumptions
e The system is always in steady-state
* Axial and azimuthal heat conduction are neglected due to small temperature
gradients along these directions
" Convective heat transfer coefficient is assumed to be uniform axially through
each subchannel
e Coolant properties do not vary along the length of the fuel and are found from the
average temperature in the core.
* All dimensions are taken to be hot dimensions
* Heat transfer within the fuel pin occurs by conduction only (including through the
liquid metal bond)
. Axial flux shape is assumed to be sinusoidal
e There is no flow mixing among subchannels
* There is no conduction between subchannels
e No heat transfer occurs through the wire wrap (no fin effect)
" Thermal conductivities within the fuel pin, including clad, gap, and fuel, are
constant and independent of temperature
" In calculating pump work, only the friction pressure drop through the core and
fission gas plenum are included in the analysis
B.2 Geometry
The core analysis code makes use of two different channel types, referred to as
flow-centered and pin-centered. For each channel type, there are three separate channel
geometries based on the location of the pin with respect to the assembly walls, interior,
edge, and corner. These channels are shown in Table B-I and Table B-2. In order to
calculate parameters such as friction factor and Nusselt number, the properties of these
different channels must be known, and the results are shown in Table B-1. Additionally,
as the code uses flow and pin-centered channels for different calculation types, the
conversion between the two is described in Table B-2.
Table B-1 Axially averaged flow-centered channel dimensions for hexagonal array with
wire wrap spacers. From Todreas and Kazimi [1990]li=I Ii=2 Ii=3
Table B-2 Axially averaged pin-centered channel dimensions for hexagonal array with
wire wrap spacers
The number of each channel type can be found from Nrings, the number of
concentric rings of fuel pins per assembly. First, the total number of pins per assembly,
Npins,total, is:
Np, total = 3 (N,,, (Nnngs - 1))+ 1, (B-1)
Similarly, the number of edge and corner pins is found from:
Npins,edge = 6(Nngs - 2), and (B-2)
Npins, corner = 6. (B-3)
Thus the total number of interior pins is
pinsinterior = Npi, - N,,s, edge- Npns,corner (B-4)
From the number of pins the number of each flow-based channel type can also be
extrapolated as:
N, = 2 Npins interior+ Npis ,edge+ 2/3 Npins, corner' (B-5)
N2 = N + Npinscorner , and (B-6)
NNpinscorner . (B-7)
The final geometry based parameter is Si, the area ratio for each channel type:
S, = NA/Ab , (B-8)
where Ab is the bundle flow area, defined as:
3
Ab = N, A,,. (B-9)j=1
B.3 Nusselt Number Calculations
In order to model the full range of core designs and flow parameters for the
optimization of the HEER liquid salt core, it was necessary to define the Nusselt number
for the full range of Reynolds and Prandtl numbers. Since the Reynolds numbers in
question span the laminar and turbulent regions, as well as the transition region, it was
not possible to find a correlation that would span the entire range.
In order to best model the entire design space, it was thus necessary to develop a
piece-wise defined function to represent the Nusselt number. The first technique used to
model this Nusselt number used a constant value of 4.36 for Reynolds numbers less than
2300, and the Gnielinsky correlation for Re > 2300 [Gnielinsky, 1976]:
Nu=0.012(Re" - 280)Pr*4 1+ ( f Pr(B-10)Nu = . + lxLe) t Pr1 , Bb
where Re is the Reynolds number, Pr is the Prandtl number of the coolant, De is the
equivalent (or hydraulic) diameter of the flow subchannel, Le is the distance from the
entrance of the channel, and Pr, is the Prandtl number of the coolant at the hot wall
temperature. As the change in Prandtl number with temperature is not known, the final
term is assumed to be equal to 1 and dropped.
This function, shown as "original" in Figure B-1, has a discontinuity at Re=2300
that is non-physical and leads to difficulties when optimizing the system to maximize
heat transfer. In order to resolve this discontinuity, linear interpolation is typically used
in the transition region, between Reynolds numbers of 2300 and 10,000. This leads to the
function labeled "Interpolation with constant Laminar Nu" in Figure B-1. The
interpolation takes the form [VDI-Wirmeatlas , 1997]:
7 -NUT +(I-7)NuL , (B-11)
where
Re- 2300
IE4 - 2300' (B-12)
and NUT is calculated using equation B-10 with a Reynolds number of 10,000, and NuL is
4.36. A plot of this function is shown in Figure B-1.
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Figure B-I Plot of the different Nusselt number functions examined for the core analysis
code.
The black function (New Laminar with Le = H) was selected for the core optimization.
The validity of this approach is supported by [VDI-Wirmeatlas , 1997]. While
this leads to easier optimization of core designs, this approach still does not provide
accurate physical solution, as the wire wrap spacers will continuously trip the laminar
boundary layer, leading to increased mixing at all but the lowest of Reynolds numbers.
In order to model this phenomenon, a pseudo-developing flow technique was
employed. It is assumed that, for the purposes of heat transfer, the flow behaves as if it is
fully mixed whenever it is tripped by the wire wrap, and then begins to develop the same
way that it would in the entry region. The flow is assumed to be tripped once per axial
lead (H) of the wire wrap, even though the wrap enters the channel three times per H.
This is to remain conservative. The correlation for the Nusselt number in the developing
flow region is taken to be [VDI-Wairmeatlas, 1997]
' D 1/2
NU = 0.464Pr" /3 Re D /2 (B-13)
H/2 (B13
The final result of which is labeled "New Laminar with Le = H" in Figure B-1. It
can be seen that this final function is much smoother than the previous two attempts. The
effect on the function of varying the axial lead, H, is seen in Figure B-2.
The heat transfer coefficient, h, is found from the Nusselt number using:
Nu k
h= De ' (B-14)
where Nu is the Nusselt number found from the combination of equations B- 10 to B- 13,
k is the thermal conductivity of the liquid coolant, and De is the equivalent diameter of
the channel.
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Figure B-2 Nusselt number vs. Reynolds number with varied H/D.
The increase in Nu with decreasing H/D is due to increased boundary layer tripping at
low Reynolds flow.
B.4 Friction Factor Calculations
In order to create a subchannel analysis, different friction factors must be found for
the different subchannel types. For the hexagonal-lattice wire wrap assembly, there are 3
different subchannels, inner, edge, and corner, depicted in Table B-1. These subchannels
are designated by the subscripts "1," "2," and "3" respectively, and the subscript "b" is
used to denote the "bulk" values over the entire assembly. Cheng and Todreas [1986]
have done an extensive study of the pressure drop in this assembly type, which covers the
full range of Reynolds numbers, including the transition region. These regions are
defined by boundary Reynolds numbers ReL and ReT, calculated as:
Re T = 10 (o.7P/D+3.3) and (B-15)
ReL (10.7P/D+0.78) (B-16)
where P/D is the pitch to diameter ratio of the fuel rods.
The friction factors take the form:
C,f = m , (B-17)Rem
where m is 1 for Re < ReL and 0.18 for Re > ReT. For the transition region the friction
factor takes the form:
f fy + fL (1 - 7) ,(B- 18)
where the intermittency factor, p, is defined as:
logo(Re/ReL)
log10 (ReT/ReL),
and fT and fL are calculated using ReT and ReL in equation B-17.
The coefficients of friction, Cf, are different for each subchannel type, which is
ultimately responsible for the difference in coolant velocities in the different channels.
For the inner subchannel, Cf is found from:
C,=C', + (B-20)
where Ai is the projected area of the wire wrap in the subchannel, A'1 is the axial
average flow area for bare rods, Dei is the equivalent (hydraulic) diameter, H is the axial
pitch of the wire wrap, Dw is wire diameter, P',i is the wetted perimeter of the bare rod
subchannel, PwI is the wetted perimeter of the actual (wire-wrapped) subchannel, m is 1
for Re < ReL and 0.18 for Re > ReT, C's is the bare rod coefficient of friction found from
equation B-27 below, and Wd is the wire drag constant found from:
WdT = 29.5 -140(D,/D) + 401(D,/D)2 IH/D)-"5, (B-21)
for Re > ReT, and
WdL =1.4 WdT, (B-22)
for Re < ReL, where D is the pin diameter. For the edge and corner subchannels, Cf is:
- (3-mn)/2
CC 1+ W, tan2(0)j (B-23)
where C'f is found using equation B-27 below, theta is:
0 = os-H/ H 2 +(rc(D+ D,))2
and where W, is:
WT = 20.0 log(H/D)-7.0,
for Re > ReT, and
for Re < ReL.
C'fi are the coefficients of friction for the bare-rod subchannels, and are:
CI= a+b(P/D-1)+b2(P/D-1)2,
where the coefficients a, b 1, and b2 are found using Table B-3 for the various
subchannels and flow regimes.
(B-25)
(B-26)
(B-27)
Table B-3 Coefficients in eq. B-27 for bare rod subchannel friction factor
in hexagonal array (From Cheng and Todreas, 1986)
constants C'fs
Flow Subchannel 1.0 < P/D < 1.1 1.1 < P/D < 1.5
Regime a b1  b2 a bi b2
Laminar Interior 26.00 888.2 -3334 62.97 216.9 -190.2
Edge 26.18 554.5 -1480 44.40 256.7 -267.6
Corner 26.98 1636 -10050 87.26 38.59 -55.12
Turbulent Interior 0.09378 1.398 -8.664 0.1458 0.03632 -0.03333
Edge 0.09377 0.8732 -3.341 0.1430 0.04199 -0.04428
Corner 0.1004 1.625 -11.85 0.1499 0.006706 -0.009567
(B-24)
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Figure B-3 Overview diagram of core analysis code with iterative loops
Output inlet temperature and mass flow rate
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In order to develop a "first guess" for the iteration described in section B.5 an
approximation for the total bundle friction factor is also found. This is done using a
simplified correlation for the bundle coefficient of friction (Cm) from Cheng and Todreas
[1986] :
Cab = (- 974.6+1 612.0(P/D) - 598.5(P/D)2 XH/D).o6-o.o85(P/D), (B-28)
Cffr = [0.8063 - 0.9022(logl (HID)) + 0.3256(loglo (HID))2 jP/D)9.
X (H/D)1.78-2.0(P/D) -(B-29)
B.5 Solution Method:
B.5.1 Flow Split Calculations
Solving for the flow split is more difficult for this core because the flow is
typically in the transition regime, which makes it impossible to solve for the flow rates
directly. Instead, an iterative approach must be used. Since it is known that the pressure
must be constant across all subchannels, the percentage of the mass flow in each channel
type is adjusted until the pressure drop for the different subchannels match. In order to
do this the script first calculates the bundle friction factor, fb, from Equations B-17, B-18,
B-28, and B-29. The code then sets the velocity of each subchannel to be equal as a first
estimate, and calculates the corresponding friction factors as described in section B.4.
Next the flow split parameters, Xi, are needed, which are defined as:
X, = V,/ Vb, (B-30)
where vi is the velocity of the ih subchannel type, and vb is the bundle average coolant
velocity. Xi is calculated for each subchannel type as:
X f, De,
Xf =f (B-3 1)f Deb
In order to check for convergence, the expression:
3
sX, =1,O (B-32)
is evaluated, and if true the solution for the flow split parameters has been found. If the
solution has not yet converged, the bulk friction factor is adjusted by:
4 X, j, (B-33)
where fb' is the previous iteration's bundle friction factor, and fb is the friction factor for
the subsequent iteration. The new subchannel friction factors are then calculated using
the velocities found from equation B-3 1, and the process is iterated until eq B-32 is
satisfied. The value for fb found in the final iteration is also of importance, as it is used to
find the core pressure drop.
B.5.2 Fuel Temperature Calculations
It is assumed that the limiting factor for core performance is the fuel temperature, unlike
many reactors where the clad temperature and/or critical heat flux limit the linear power.
Because of this assumption, the only limit of interest is that of the fuel centerline
temperature at the hottest point in the hottest pin. Since there is no immediate indication
which of the three pin types will have the highest temperature (interior, edge, or corner)
each pin type must be considered separately. Since edge and corner pins are cooled by
more than one subchannel type, the heat transfer coefficients and mass flow rates for each
pin type are determined by weighted averages of the subchannel heat transfer
coefficients, shown in Table B-2.
Although the axial peaking factor is set, the extrapolation length, Le needs to be
determined to find the axial flux profile by solving:
2 L/2 'rz1
- j cosf- dz= F ' (B-34)
e axial
where L is the heated length of the fuel rod, and Faxial is the axial power peaking factor.
The axial flux profile in the core is thus:
q'(z) = q' cosr LJ' (B-35)
where q'o is the maximum point-flux for the fuel rod, found to be:
ao e xe xFial XFbd, (B-36)
where q'ave is the average linear heat rate for the core, Fradial is the radial power peaking,
and Fbundle is the bundle power peaking. To find the average channel properties, q'o is:
qo = qfve x F (B-37)
Now that the flux profile, mass flow rates, and heat transfer coefficients have
been determined, the temperature profiles for the coolant, Tm,i, the clad outer and inner
temperatures, Tcoi and Tei,i, the fuel surface temperature, Tfr,i, and the fuel centerline
temperature, TCL,i are [Todreas and Kazimi, 1990]:
T (Z)sin + sin (B-38)
T (Z) = T11 + qO . Le sin Iz+ sin ;rL-+ I Cos ,r) (B-39)rmicpincp Le ) 2Le) ] 1+ 2f R0h1 i, Le
T (z) = T + qO Le sin )T z + sin L
z h , fncpLe) (-L (B-40)
+ + 1In R IO cos2; R h. 2;rkc R,) Le
Tf,(z) = + q L - sin 7J + sin rL
F 1T 1' i 1in R Le(B-41)
+ 1 + nR 1 I R ,cos
+ 27r Rch ,, + 2;r k c I R c, 2 gr k g, n R , LCo Z)
TLJ (z) = T + q; { Le sin 71 + sin L
t mr ,* c, P( L e ) 2 Le (B 42F 1 1 R 1 R.~ (Nj (B-42)
n+ n R + 1 In R ' + l cos ; Jt
L2 RcOh i,,p 27xk ( R,) 2r kg RfQ 47rk, Lj
where z is the axial coordinate ranging from -L/2 to L/2, Rc,, Re, and Rfo are the clad
outer radius, clad inner radius, and fuel outer radius respectively, kc, kg, and kf are the
thermal conductivities of the clad, gap, and fuel, c, is the specific heat capacity of the
coolant, and Ti, is the core inlet temperature determined to be:
Nheatedp ins, total q' ve L
T -=T Nas,,,,,,iin out  0,1totaj c ' (B-43)
where Tom, is the average core outlet temperature (set by the user), q'ave is the core-average
linear heat rate, Nheatedpins,total is the total number of heated pins in the core, and rhtota is
the total coolant mass flow rate through the core.
As the fuel temperature is the value that constrains the salt cooler HEER core, the
axial location at which the fuel temperature is greatest is explicitly calculated as:
Zf ~i
Le tan-' Le (B-44)[ 1 1 nRco, 1±lnR. 1±Zc 1h, pncP + In( c + IIn '' + -
2)r Rcoh1 , ,+n 2zc kc R ), 2ikg Rfo 4ckj
Thus, by plugging the solution from equation B-44 into equation B-42, the maximum fuel
centerline temperature in the core is determined. Additionally, equations B-38 to B-42
can be used to plot the various temperature profiles for the hot and average pins through
the core.
B.5.3 Optimal Mass Flow Rate Calculations
In order to minimize pressure drop and core inlet temperature, while maximizing
cycle efficiency, it is desirable to use the minimum mass flow rate needed in order to
maintain the fuel below the temperature limit. To implement this, once the peak fuel
centerline temperature is determined for each pin type, the maximum temperature is
compared to the fuel temperature limit set by the user. If the limit and the maximum fuel
temperatures match, then this mass flow rate is selected. If the limit does not match, then
the mass flow rate is adjusted by a factor:
Ihnew =old CLmax (B-45)
TfueLimit
where TfelLimit is the maximum allowable fuel temperature, and TCL,max is found from
plugging equation B-44 into equation B-42. The calculations are then repeated until a
solution matching the desired criteria is found.
B.5.4 Pressure Drop and Pumping Power Calculations
Once the mass flow rate is set and the bundle friction factor, fb, is found, the
friction pressure drop through the core is:
Lto, vb
APfriction = P fb Deb 2 (B-46)
where Lot, is the total core length, including heated fuel and plenum. The pumping power
for the core is then:
Wpump APfriction v'tot APfrctionl t J (B-47)
where V0, is the total volumetric flow rate through the core.
B.5.5 Assembly Bypass Flow
Coolant flows not only through the fuel assemblies, but also in the gaps between
them. If this flow is significant, it may reduce the core outlet temperature and increase
flow rates. Calculating this flow as a parallel channel is possible, however this adds to
the computing load and may not be necessary. For the LSR, the bypass flow was
calculated after the pressure drop across the core was established, and compared to the
total coolant flow rate in order to asses the level of uncertainty that this simplification
may produce.
The flow is assumed to be laminar, with Reynolds number less than 2200. This is
later confirmed after the flow rate is established. By assuming laminar flow it becomes
possible to solve for the coolant velocity as a function of pressure drop. To begin, the
friction factor, f, is defined for laminar flow to be:
64
e= - (B-48)Re'
where Re is the Reynolds number, defined as:
Re = pVDh (B-49)
where p is the coolant density, v is the bulk coolant velocity, pi is the kinematic viscosity
of the coolant, and Dh is the hydraulic diameter of the coolant channel. For a channel
defined by parallel plates, such as that of the inter-assembly gap, the hydraulic diameter
is half the gap width, or H/2. The coolant is assumed to be at the core inlet temperature
for the entire length of the flow channel, and coolant properties should be taken at this
value.
The pressure drop, AP, is related to the friction factor as:
AP L v2
- ~~ (B-50)p Dh 2
where L is the channel length (in this case the core height). The velocity can then be
found by plugging in for the friction factor and solving:
APH 2
v = 128pL -(B-51)
The mass flow rate can then be found:
v Actotal
mbyasstotal = (B-52)
where Ac is the cross sectional area of the bypass channels, defined as:
Actota = N,em H(JEP), (B-53)
where P is the inter-assembly pitch and Nassem is the total number of assemblies in the
core. If the flow rate is small (less than ~1%) compared to the total core flow rate, the
assumption that bypass flow is negligible is considered acceptable.
Appendix C: IHX Analysis Code
In order to facilitate fast prototyping of the intermediate (salt to SCO 2) heat
exchanger, a pseudo-best estimate code was formulated in MATLAB using conservative
assumptions whenever possible.
C.1 Assumptions
e The system is always in steady-state
e Axial and azimuthal heat conduction are neglected due to small temperature
gradients along these directions
e Convective heat transfer is assumed to be uniform throughout
e Coolant properties do not vary with temperature
* All dimensions are taken to be hot dimensions
" Thermal conductivities within the tubes, are constant and independent of
temperature
" Salt and SCO 2 are perfectly distributed amongst the tubes (average values are
used throughout)
C.2 Supercritical CO2 Properties
In order to calculate the heat transfer and pressure drop on the secondary fluid
side as completely as possible, temperature and pressure dependent SCO 2 properties are
needed. In order to quickly implement this without the need to table lookups, functions
were fit to property data taken from REFPROP. Density, thermal conductivity, heat
capacity, and viscosity data were fit using MATLAB curve fitting tools over the
temperature range 300 *C - 600 'C, and pressure range 17.5 MPa - 22 MPa. The
maximum error over this range was found by comparing the values calculated by the
function to the values from REFPROP. The error reported is the worst case over this
range.
C.2.1 Density
The best fit for SCO 2 density (p) was determined to be:
a = 2798.52400598405
b1 = -0.00575165245858733
b2 = 9.63523782960362e-08
b3 = 2.55343853439655
cl = -16.6122091334403
c2 = -289.911422453894
c3 = -0.000745914585242169
c4 = -1.54761296919434
c5 = 31.6764234477308
d = 0.957096855926021
p= a+bP+b29P 2+b3 PO-s +cT+c 2T.s +cT 2 +c4 log(T)+cT d (C-1)
where P is in kPa, T is in K, and p is in kg/m 3 . This function predicts the density within
3.2% of the REFPROP data.
C.2.2 Thermal Conductivity
Thermal Conductivity (k) data was fit using the function:
a = 0.0280082440088451
bl = 6.96411299987276e-07
cl = 9.04656905569226e-05
b2 = -1.39194899545765e-12
b3 = -8.61222894667495e-05
c2 = -0.00142993038001564
k= a+bP+b2p2 +bP 5 +cT+c 2T5 , (C-2)
where P is in kPa, T is in K, and k is in W/mK. This function predicts the REFPROP
data within 1.0%.
C.2.3 Heat Capacity
Heat Capacity (cp) was fit using the function:
a = 2929.219484011500
b1 = 0.008896925722
b2 = -0.000000062694
b3 = -0.538755906367
cl = 2.577079167763
c2 = -135.468987529197
c= a+ bP+b22 +bP +c,T +c2T C-3)
where P is in kPa, T is in K, and c, is in J/kgK. This function predicts the REFPROP
data within 1.1%
C.2.4 Viscosity
Viscosity (mu) was fit using the function:
bl = -0.5952994711571
cl = 36.1161100728071
b2 = 219.2464656425121
c2 = -395.6237882590077
p=(bP+b 2P5 +cT+c2To5)x1O9 ' (C-4)
where P is in kPa, T is in K, and pt is in Pa s. This function predicts the REFPROP data
within 1.2%.
C.3 Nusselt Number Calculations
For the salt side of the IHX, the flow is slow and therefore often in the transition
flow regime between laminar and turbulent flow. As many Nusselt number correlations
have a discontinuity on either end of this region, this led to odd results at the Reynolds
number that corresponds with this transition. In order to remedy these discontinuities the
same correlation was used as in the core thermal hydraulics model, described in section
B.3.
On the SCO 2 side, two separate correlations were used for the smooth-walled and
helically ribbed cases. For the smooth walled case, the Nusselt number is found using
[Gnielinsky, 1976]:
2/30.11
Nu = 0.012(Re 
- 280)Pr4 1+ Pr (C-5)
where Re is the Reynolds number, Pr is the Prandtl number, De is the hydraulic diameter
of the tubing, Le is the length from the tube inlet, and T, is the wall temperature.
For the ribbed design, the following was used to calculate Nusselt number
[Bergles, et al.]:
Nu = 1+ 2.64 Re0.036(+J 0 2 12 
_}.21 0.29 Pr 0.024 >7 (C-6)
where e is the rib height, d is the maximum inside diameter, p is the rib pitch, a is the
helix angle in degrees, and
- Re Pr
Nu,m = 2 f 0.5 (C-7)
1+12.7 (Pr2/3_
C.4 Friction Factor Calculations
For salt, the friction factor correlation used is that for an interior subchannel of a
bare rod bundle in a hexagonal array. The correlation is expressed as [Todreas and
Kazimi, 1990]:
Cf
Re n (C-8)
where Re is the Reynolds number, n is 1 for laminar flow and 0.18 for turbulent, and Cf is
described as:
Cf = a+ b,(P/D-1)+ b2(P/D-1)2  (C-9)
where P/D is the pitch to diameter ratio, and the coefficients a, bi, and b2 are:
a =62.97
b, =216.9
b2 =-190.2
for laminar flow, and
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a = 0.1458
b, = 0.03532
b2 = -0.03333
for turbulent flow. Turbulent flow is assumed at Re>100,000, with laminar flow
assumed below this threshold.
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Figure C-i Plot of salt-side friction factor vs Reynolds number for various P/D ratios
Since the bundles are not supported by wire-wrap, the form losses along the
spacers must also be taken into account. For this, the tubes are supported by wire honey-
comb spacers at set intervals along the length of the IHX. The pressure drop due to each
spacer is found from [Todreas and Kazimi, 1990]:
AP= C, , (C-10)
where As is the projected frontal area of the spacer, Av is the flow area (away from the
spacer), V, is the average bundle velocity, p is the fluid density, and Cv is found as:
101
0 L_
2000
C, = 6.5+3(5 -log Re) , (C-11)
where Re is the Reynolds number. The spacer thickness, t, is assumed to be half the
width of the gap between pins, such that
P- Dou,
tspacer = 2 ' (C-12)
where P and Dout are the tube pitch and outer diameter. As is thus found to be:
As = 2PNbestspacer (C-13)
where Ntubes is the total number of tubes in the IHX.
For the SCO 2 side of the IHX, there are two separate friction factor correlations
used for the smooth walled and helically ribbed cases. For the smooth walled case, the
friction factor is found from [Bergles et al. 1996]:
fS,, = (1. 58 log(Re) - 3.2 8)-2 , (C-14)
and for the ribbed case, it is found to be:
= ,, 1+ 29.1Re( 0.67~0.06p'd-0.49a/90) (1.37-0.157 p d) 
(-1.66E-6Re-0.33a /90)
x( )(4.59+4.11 E-6 Re-0.15 p/ d) (I+2 9 sn 
)- 15 /16 16/15 > (C- 15)
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where e is the rib height, d is the maximum inside diameter, p is the rib pitch, a is the
helix angle in degrees, P is the rib contact angle, and n is the number of sharp corners
facing the flow characterized by the rib profile.
C.5 Solution Method
First, the mass flow rate of SCO 2 is determined using a simple energy balance.
The user sets the inlet and outlet temperatures of the SCO 2 , based on the desired
efficiency of the PCU, and the primary coolant, which are determined using the core
thermal hydraulics model as described in Appendix B. The mass flow rate of the primary
coolant is also set using the core code. Since the energy transferred per unit time in either
fluid is described by
Q = rhcAT (C-16)
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the mass flow of the SCO 2 is determined from:
Cp,sait AT
MCo2 = -s'c AT (C-17)p,CO2 CO2
where 'hCo2 and rha,, are the total mass flow rates of the salt and SCO 2 , Cpsait and Cpco2
are the specific heats of the coolants, and AT is the temperature difference (Tout-Tin). The
leading negative is due to the fact that ATsait is a negative quantity.
Next, tube wall thickness is determined according to specifications laid out in Section NB
of ASME code. The thickness is determined to be:
COR2 -out
SS + PC2(C-18)
where t is the tube wall thickness, PCo2 is the gauge pressure of the SCO 2, Dout is the
outer diameter of the tube, and Sm is the maximum allowable stress intensity (from
ASME code).
The number of tubes is then calculated based on the cross sectional area available
for the heat exchanger, Actotai, the tube outer diameter, Dout, and the pitch to diameter
ratio, P/D. The tubes are arranged in a hexagonal array (similar to the core), and thus the
area occupied by each tube, Ac,tube is:
Ac tube =- p2 (C-19)
2
where P is the tube pitch found by multiplying Dout with P/D. To find the number of
tubes, Ntubes, the total cross sectional area is divided by the area per tube:
Ntubes = A, tota (C-20)Ac,tube
In order to calculate flow rates, the flow areas for the two fluids need to be
determined. For the SCO 2 side this is given by:
(Do - 2t)2
Aflow,Co2 = ;r Ntubes '4 (C-21)
and for the salt side this is given by:
D 2
Aflowsalt = Ac,totaj - Ntubes out (C-22)4
Now the velocities, v, of the two coolants are found using:
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'7
v= p AflOW (C-23)
where p is the coolant density, and Aflow is found from equations C-21 and C-22.
The hydraulic diameter, De, is found from:
De = 4 Afl, (C-24)
where Pw is the wetted perimeter, of Nuse,;c(Dou, - 2t) for the SCO 2 side, and
Ntubesr Dou, for the salt-side.
Now, the Reynolds number, Re, for each fluid is calculated using:
Re = p vD, (C-25)
where pt is the kinematic viscosity, and the other flow parameters are as described above.
With this, the Nusselt number, Nu, for each side can be calculated using equations B-10
and B-13 for the salt as discussed in section B.3, and C-5 and C-6 for the un-enhanced
and ribbed SCO2 sides, respectively.
Ultimately, the goal is to use the c-NTU method of heat exchanger analysis. This
involves solving the equation:
NTU= I In .C~1 (C-26)
C* -1 (C* -1 IC-6
where
C. C.C = 'min (C-27)
Cmax
Csa Tsait,in - Tsalt,out)
Cmin Tsatin -Tc 0 2,i (C-28)
UA
NTUm= Cmi ' (C-29)
and where Cmin is the lesser of is,,ct, sat and hCO2 cpC0 2 , and UA is the overall
conductance, calculated as:
_ 1 _______I___I_+_ 1 ln(Dout/[Dout -2t]) (
(Dou, - 2 t)hC0 2 Dou, hsait 2 k t])
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where hco2 and hsait are the convective heat transfer coefficients, and kbe is the thermal
conductivity of the tube wall. Using equation C-26 to solve for NTU, eq. C-28 to solve
for UA, we can then use eq. C-30 to find the tube length necessary to transfer the given
energy from the salt to the SCO 2.
C.6 Pressure Drop Calculations
Once the length of the heat exchanger is established, the pressure drop can be
calculated from the friction factor found in eq. C-8and the form losses found in eq. C-10
by using
AP= fp -+pN K 2- (C-31)De 2 saes2
In order to find the pumping power necessary to achieve this flow rate and pressure drop,
we use:
m
ideal,IHX = (C-32)P
where V is the volumetric flow rate of the salt.
The model also calculates the pressure drop on the SCO2 side of the IHX, which
can lead to decreased efficiencies if it becomes too large. The pressure drop is similarly
calculated as:
e= P 2 (C-33)De 2
C.7 Cycle Efficiency
In order to take variations in pressure drop and IHX outlet temperature into
account in the reactor model, results were gathered from the CYCLES III code for SCO 2
loops of 250 MWth and with SCO 2 flow rate 1250 kg/s. This code uses a reheat
cycle,and incorporates pressure drops in piping as well as compressor work and non ideal
behavior in the turbine and generator. In order to incorporate this data without running
full simulation of the secondary side, a fit was made to a dataset using a similar approach
to the properties data in section C.2. The data were fit on the range APIHX < 500 kPa, and
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460 'C < TIHX,out < 550 'C , with a maximum error of 0.14%. The function fit to the data
is:
a = -646.0694992590751
bl = -1.3311767750720
b2 = 0.0002317658171
b3 = 56.8389103505610
c I = -0.0019921940413
c2 = 0.0010562080906
q = a+ by+ b2 2 + b yo' + c x+ c 2 X0 , (C-34)
where 1 is the net percent efficiency of the secondary cycle, y is the turbine inlet
temperature in Kelvin, and x is the pressure drop in the IHX in kPa.
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Appendix D: Vessel and Insulation Thickness Code
D.1 Seismic Stress
A model of the stresses imparted on the reactor vessel during a 0.5g magnitude
earthquake was developed in order to provide a very rough estimate of the approximate
thickness that the vessel must be to survive such an event. This analysis is not intended
to eliminate the need for further seismic study, but rather to serve as an estimate and
indicator of which reactor designs will be feasible using a relatively easy to manufacture
vessel. The analysis method is based off of a study performed by Buongiorno and
Hawkes (2003), which performed a finite element stress analysis of liquid metal filled
reactor vessels. Results of this stress analysis were used to develop a pair of
dimensionless numbers (Bus and Buf), based on the observed modes by which the vessels
oscillate. Using these numbers and the analysis methods, it is asserted that this approach
may be used to predict the stresses in heavy metal filled reactor vessels and preclude the
need for finite element analysis.
Unlike the reactor vessels studied by Buongiorno and Hawkes, the LSR has a
much less dense coolant. One of the assumptions made in the original paper is that, as
the majority of the mass is located in the coolant, the mass of the vessel may be
disregarded. Since this is not true in the LSR, the mass of the vessel must be taken into
account. This was done by re-defining the dimensionless parameters in the study to
include the vessel mass, and re-calculating the corresponding values from the data
provided in the paper.
The mass per unit length, m, of the liquid-metal filled vessel is defined as
M ~ Pcoolan Di ,(D-1)
where Pcoolant is the density of the coolant, and Di is the inner diameter of the vessel. This
was modified to be:
M = Pcooiant Di + P vessel - Di), (D-2)4 4
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where Pvessel is the density of the vessel and Do is the vessel outer diameter. Fuel mass is
supported by the vessel lid via the core barrel, and thus is not included in the calculation.
This changes the Buongiomo frequency number, Buf, to
f
Buf =4 4jR - R (D-3)
L4 pontRi + p,..,,.,(R - R2))
where f is the frequency of the primary mode of oscillation, E is the Young's modulus of
the vessel, Ro and Ri are the vessel outer and inner radii respectively, and L is the vessel
length. The stress Buongiorno number, Bus, is not changed from the paper, although the
change in Buf does effect the value. With the new equations, the value of the Buongiorno
numbers were found to be:
Buf =0.1836, and (D-4)
Bus = 4.80. (D-5)
The physical meaning of Buf is a normalized frequency of the vessel normal
bending modes of vibration. The meaning of Bus is a normalized peak stress intensity.
Results of these calculations are included in section 2.6.2of this thesis.
D.2 Insulation Thickness
In order to calculate the vessel temperature, the characteristics of the heat transfer
on either side of the vessel must be known. To maintain vessel temperatures below the
steady-state ASME defined limit of 450 C, insulation is placed on the inside of the vessel.
A subroutine was written in order to determine the necessary thickness of insulation for
any given design, which is integrated into the reactor analysis code.
The heat transfer to the inside of the insulating material is found by calculating
the forced convection Nusselt number, Nuin, for the riser gap:
8.235 +0.0364 D Re Pr Re < 2300
Nu, = Lvesse ) (D-6)
0.012(Re0.87 - 280)Pr.4 Re > 2300
where Dh is twice the riser gap, Lvessei is the vessel height, Pr is the Prandtl number of the
salt coolant, and Re is the Reynolds number, defined as:
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Re = PVDh (D-7)
P
where p is the salt density, v is the salt velocity in the riser, and 1 is the kinematic salt
viscosity. The convective heat transfer coefficient, h, is found from the Nusselt number
using:
hin = Nuk (D-8)
where k is the thermal conductivity of the salt. The heat flux from the bulk coolant to the
vessel wall interior is thus:
n + insulation (bulk - Twal,in) (D-9)
where Tbuik is the bulk salt temperature (core inlet temperature) and Twani,in is the inner
vessel wall temperature.
Next, the thermal resistance between the outer wall of the vessel and the
surroundings must be determined. This process has two modes, natural convection and
radiative heat transfer. Since the primary goal is to determine the vessel diameter, and
because the lower plenum is somewhat spacious, it is assumed that the insulation
thickness of interest is only what is located in the downcomer, along the vertical sides of
the vessel. Natural convection heat transfer is always smallest at the bottom of a heated
surface, and where the convection is lowest the vessel temperature will be greatest.
Therefore a correlation was searched for that would apply to a sphere, as this is the
behavior of the heat transfer near the hottest portion of the vessel.
Unfortunately, no correlation was found that would apply to a heated sphere with
very large Rayleigh number, which is the case for the HEER vessel. Instead, a
correlation for lower Rayleigh numbers was used, with the understanding that larger Ra
will increase the heat transfer due to added turbulence. Thus the correlation used is likely
very conservative, and ultimately it makes up a smaller percentage of the heat transfer
than radiation heat loss. The correlation for exterior Nusselt number is (Incropera and
Dewitt, 2002):
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Nuout -2± 0.589Ra 25 4
+ 0.469)9 16  (D-10)
(Pr)
where Pr is the Prandtl number of air at Tfilm, the average of the wall and ambient
temperatures, and Ra is the Rayleigh number defined as:
Ra = Pr- Gr = Pr 2 > (D-11)
where Gr is the Grashoff number, D is the vessel outer diameter, g is the gravitational
acceleration, nu is the dynamic viscosity of air at Tfim, and AT is the difference in
temperature between the vessel wall and the ambient surroundings. From the Nusselt
number, the heat transfer coefficient, h, is found:
hconv = NuCf D (D-12)
where k is the thermal conductivity of air at the temperature Tfm. The heat flux, q", due
to convection from the vessel to the surrounding air is therefore
q"on = hcon,(Tvessei no, - T. (-3Oct - (D- 13)
where Tvessei,out is the temperature on the outside of the vessel, and T, is the ambient
temperature of the surroundings. Radiation heat transfer is found to be:
ra esse ) (D-14)
where c7 is the Boltzman constant, and E is the of the emissivity of the vessel outer wall.
Finally, heat transfer through the vessel, qcond, is:
qff k vesselqcond - tvesseI TeSe~u -Tvsi (D- 15)
where kvessei is the thermal conductivity of the reactor vessel, and tvessel is the vessel wall
thickness. The final necessary equation describes the energy conservation for the system:
cond = qe'onv + qrad (D-16)
To determine the vessel insulation thickness, first, the internal vessel temperature,
Tvessei,in, is set to be equal to the design limit. Then the vessel outer wall temperature,
Tvessei,out is iterated in order to find a solution that satisfies the conservation of energy
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equation. Next the necessary insulation thickness is found using equation D-9. Since this
changes the vessel inner diameter, the stress calculations are then repeated. As this leads
to a new vessel thickness, the insulation thickness also changes. Thus the solution is
iterated until convergence.
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